Regeneration of eye tissues, such as lens, seen in some urodeles involves dedifferentiation of the dorsal pigmented epithelium and subsequent differentiation to lens cells. Such spatial regulation implies possible action of genes known to be specific for particular spell lineages and/or axis.
known to be specific for particular spell lineages and/or axis.
Hox genes have been the best examples of genes for such actions. We have, therefore, investigated the possibility that such genes are expressed during lens regeneration in the newt. Thepax-6 gene (a gene that contains a homeobox and a paired box) has been implicated in the development of the eye and lens determination in various species ranging from Drosophila to human and, because of these properties, could be instrumental in the regeneration of the urodele eye tissues as well. We present data showing thatpax-6 transcripts are present in the developing and the regenerating eye tissues. Furthermore, expression in eye tissues, such as in retina, declines when a urodele not capable of lens regeneration (axolotl) surpasses the embryonic stages. Such a decline is not seen in adult newts capable of lens regeneration. This might indicate a vital role of pax-6 in newt lens regeneration.
Some urodele amphibians are the gifted animals capable of regenerating the lens throughout their life following lentectomy (1) . Except for two reports of positive lens regeneration in freshwater fish and in avian embryos, no other species has been catalogued as capable of regeneration (see ref. 1 ). The regenerative ability in those two species, however, is restricted to a very specific and limited time during development. On the other hand, regeneration of lens has been reported in adult rabbit after removal of the lens and only after implantation of cytolysing fetal tissue (2) . Among urodeles the ability is not universal. The axolotl, for example, a salamander with good regenerative abilities of the limb and tail, is not able to regenerate the lens. Such restrictions pose interesting questions as to why this selection exists.
Once the lens is removed the process of regeneration is initiated by dedifferentiation of the dorsal iris pigment epithelium (3) (4) (5) . About 6 days later, transdifferentiation of the iris into lens cells begins. The regenerating lens starts as a budding process of the dorsal iris cells. Formation of the lens vesicle by the depigmented progenies of the iris cells is evident between 9 and 15 days. Between 12 and 15 days after lentectomy the internal layer of the lens vesicle thickens and synthesis of P-and y-crystallins starts. Following that period lens fibers are produced in the internal layer of the vesicle and -crystallin appears in the external layer. By day 20 the fiber complex grows further and a-crystallin accumulates in the lens fibers and in the external layer. By day 25 we have definite lens tissue and dividing cells are observed only in the lens epithelium. The ventral iris does not contribute to this phenomenon (5) . Work with the developing lens in frogs and in the newt Notophthalmus viridescens has shown that synthesis of crystallins parallels the steps seen during lens regeneration. In this sense similar
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. events might take place during development and regeneration of the lens, even though inductive interactions such as the ones seen during lens development (surface ectoderm with optic vesicle) are not necessary for lens regeneration (6, 7) .
The dedifferentiation of the iris cells and their subsequent transdifferentiation to lens cells is a switch from one cell type to another, likely to be controlled by genes responsible for differentiation of cell lineages, such as homeobox-containing genes. The homeobox was first identified in segmentation genes and subsequently in other developmental genes in Drosophila (8, 9) . These genes define borders and axes in the developing body where certain regions of particular cell lineages will develop. The homeobox is a DNA binding domain, similar in sequence and in structure to the helix-turn-helixcontaining bacterial repressors (10) . During the past 10 years the presence and roles of homeobox-containing genes (Hox genes) in vertebrate development have been studied. Their presence is always correlated with active processes of differentiation and pattern formation (11) . One of the Drosophila segmentation genes, the paired, contains a homeobox and also contains another domain called the paired domain (12) . Genes with paired boxes have also been isolated from vertebrates and grouped in the Pax family by virtue of sequence similarity to the paired box domain of Drosophila (13) . The paired domain has also DNA binding activity and has been implicated in developmental processes (14) .
Hox and Pax genes have already been implicated in vertebrate eye development. In mouse, Hox-7.1 (Msx-1) is expressed after formation of the optic cup marking the presumptive ciliary body; Hox-8.1 (Msx-2) is expressed in regions corresponding to the future corneal epithelium and neural retina (15) . Other studies implicating Hox genes in eye development have shown that the 8-crystallin enhancer binding protein contains a homoeodomain (16) . Homeobox genes have been also detected in the retina of adult goldfish. Among these homeoboxes, one homologous to the paired homeobox was also found (17) . The pax-2 gene is expressed during development of the mouse eye and its expression is restricted to the ventral optic cup and stalk (18) . The pax-6 gene is expressed in the developing mouse eye, including the lens (19) . Furthermore, the mutation aniridia in humans and the equivalent small eye of the mouse are induced by a deletion in a gene containing a paired domain and a homeodomain (pax-6) (20, 21) . Most interesting, however, is the fact that the same gene (pax-6) is involved in the development of the eye in Drosophila in spite of the different morphology and mode of development (22) . The mouse mutation microphthalmia is associated with mutations in a different type of nuclear transcriptional factor containing a helix-loop-helix-zipper motif (23) . These studies provide convincing evidence of the regulatory role of such genes during eye development.
The hypothesis is that a unique regulatory event, after lentectomy in amphibia, results in regulation of molecules necessary for dedifferentiation and the initiation of lens differentiation. DNA binding proteins could be involved in In Situ Hybridization. For these experiments, the tissues were isolated, frozen in OCT medium, and processed for in situ hybridization as described (26, 27 cloned into the TA vector and, after verification, was subjected to sequencing reactions as described in Materials and Methods. The newt pax-6 nucleotide sequences included in the cloned fragment are 81% and 82% homologous to the human and mouse counterpart, respectively, but the translational products are identical (Fig. 1) . With the same region from the eyeless gene of Drosophila, there is 96% identity at the amino acid level and 73% homology at the nucleotide level. Expression in the Intact Newt Eye. pax-6 transcripts were localized in the neural retina, the lens, and the cornea epithelium. In fact, this is a pattern similar to aniridia gene expression in the developing human eye (21) .
Expression in the Regenerating Newt Eye. Sections were taken from different stages of lens regeneration (11, 13, 15,'16, 17, 18, 19, 20 , and 30 days after lentectomy). These stages represent the formation of the lens vesicle by the depigmented progenies of the iris cells, the growing of the fiber complex, and the completion of regeneration (see Introduction).pax-6'transcripts were detected in all stages of lens regeneration. Examples of pax-6 expression are shown in Fig. 2 . At day 15 of regeneration (stage VI, see ref. 5) we can see accumulation of grains in the growing lens vesicle and the differentiating lens fibers ( Fig. 2A) . Some distortion of the regenerating lens is unavoidable with frozen sections through the whole eye but the accumulation of grains is obvious. At day 20 (stage X), the external layer of the lens showed most of the expression (Fig.  2D) . The retina (Fig. 2H ) of the eye undergoing lens regeneration and the cornea epithelium were positive as well.
Expression in the Developing Axolotl Eye. We used stage 40-41, hatched, and larvae eye. Expression was seen in the retina and the lens of stage 40-41 ( Fig. 3A) and hatched (stage 45) eye (Fig. 3D ). This is a very similar pattern to the newt eye (intact or lentectomized). In fact, similar to the regenerating eye, the external layer of the lens showed somewhat stronger expression. Most striking, however, was the observation that, as opposed to the newt, expression of pax-6 in the retina declined as the animal became older (Fig. 3G) .
DISCUSSION
The confinement of the ability for lens regeneration to the dorsal iris only implies strong spatial regulation. Knowledge gained from other developing systems has pinpointed several genes that are specific to certain axes during morphogenesis, specifying, thus, pattern formation. Based on this, we believe that similar genes might govern the spatial regulation seen during the differentiation events preceding lens regeneration after lentectomy. We, therefore, decided to clone and investigate the role of pax-6, which belongs to the group of genes responsible for morphogenesis and, in our case, especially of the eye. Studies utilizing Hox or Pax genes are completely lacking in this field and are likely to contribute to our understanding of gene regulation during lens regeneration.
The cloned newt fragment of the paired box ofpax-6 shows an astonishing homology at the amino acid level with the human and mouse counterpart. Such homologies' usually indicate conservation of function as well. The newt pax-6 transcripts were present in the adult newt eye and the regenerating lens. Expression in the regenerating lens was obvious throughout all stages examined and confined to the outer lens layer as regeneration reached completion. Similarly, we observed expression in the developing axolotl eye in the same tissuesnamely, retina and lens. The only apparent difference in the axolotl was the decreased expression in the larval eye as the animal grew older. Given the inability of lens regeneration in axolotl, this observation might be indicative of a role ofpax-6 in lens regeneration. Such a hypothesis might explain the apparent expression of Hox and Pax sequences in adult newt tissues capable of regeneration. Expression of Hox genes has been readily observed in adult newt limbs (28) (29) (30) (31, 32) . In this respect, it is important to note that amplification of rRNA sequences has been reported in the dorsal iris undergoing dedifferentiation. In fact, these cells contain 60% more rRNA cistrons (33) . Usually these molecular alterations suggest active transcription (34) . The myc oncogene,' for example, has also been found to be actively transcribed during the dedifferentiation of the pigmented epithelial cells (35 (41, 42) . The identity of this molecule is not known. Differential regulation in the dorsal-ventral axis exists during eye development as well, indicating that the establishment of the dorsal and the ventral retina is governed by distinct mechanisms. Several molecules have been found to be specifically expressed in the dorsal retina. These include the modified GD3 ganglioside (43), the ribosome binding protein p40, which shows extensive homology with the laminin receptor, and aldehyde dehydrogenase, which is imperative for the synthesis of retinoic acid (44) (45) (46) . On the other hand, a different dehydrogenase is confined to the ventral retina during development (46) . Regulatory factors involved in transcription and confined to the ventral retina include the retinoid X receptor a (RXRa) and pax-2. Knock-out experiments involving RXR and retinoic acid receptor have shown that the ventral retina develops short (47) .
The search for transcriptional factors specific for lens regeneration would undoubtedly provide the means to study the molecular events during lens regeneration. In this respect factors as the one reported in the present paper should prove valuable in the study of lens transdifferentiation from the dorsal iris.
